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(57) ABSTRACT

A manufacturing method of an electrochemical sensor com-
prises forming a graphene layer on a donor substrate,
laminating a film of dry photoresist on the graphene layer,
removing the donor substrate to obtain an intermediate
structure comprising the film of dry photoresist and the
graphene layer, and laminating the intermediate structure
onto a final substrate with the graphene layer in electrical
contact with first and second electrodes positioned on the
final substrate. The film of dry photoresist is then patterned
to form a microfluidic structure on the graphene layer and an
additional dry photoresist layer is laminated over the struc-
ture. In one type of sensor manufactured by this process, the
graphene layer acts as a channel region of a field-effect
transistor, whose conductive properties vary according to
characteristics of an analyte introduced into the microfluidic
structure.
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MANUFACTURING METHOD OF A
GRAPHENE-BASED ELECTROCHEMICAL
SENSOR, AND ELECTROCHEMICAL
SENSOR

BACKGROUND

1. Technical Field

The present disclosure relates to a manufacturing method
of a graphene-based electrochemical sensor and to an elec-
trochemical sensor. In particular, the electrochemical sensor
is integrated in a microfluidic system, and is obtained
simultaneously with the steps of production of the micro-
fluidic system itself.

2. Description of the Related Art

Molecule detectors have in the last few years witnessed a
considerable development, finding widespread use in a vast
range of fields, such as environmental monitoring, food
analysis, diagnostics and, more recently, detection of toxic
gases and explosive materials.

Notwithstanding the extraordinary potential of use, a
considerable limitation of the sensors most commonly used
regards the fact that they do not guarantee a sensitivity such
as to enable measurement or detection of the presence of
single atoms and/or single molecules. One of the main
causes that renders problematical achievement of a high
resolution is linked to the intrinsic thermal fluctuation in the
materials and instruments used during the detection process,
which generates an intrinsic noise higher than the useful
signal that is to be detected.

In general, a sensor is a device that supplies to the user
information on the surrounding environment in which the
sensor itself is immersed. It is typically formed by a sensi-
tive element, a transducer, and a data-acquisition system.

There may be distinguished, on the basis of the fields of
application, physical sensors, chemical sensors, and biologi-
cal sensors. A chemical sensor, in particular, is a device able
to transform chemical information (such as the concentra-
tion of particular elements in the analytes) into a measurable
quantity. Following upon the interaction between the analyte
(which may be in the gaseous phase or in solution) and the
active layer of the sensor, the sensor exerts a receptor and
transducer function. The receptor function, which is a con-
sequence of the interaction between the molecules to be
detected and the active layer, causes a variation of the
chemical and/or physical properties of the material that
constitutes the active layer. The transducer function, which
is a consequence of the aforementioned variation of the
physical/chemical properties, transduces the chemical/
physical modification of the active layer into a signal that
can be processed, for example an electrical or optical signal.

Preferably, chemical sensors have a number of character-
istics that can be summarized in: contained dimensions,
presence of a layer able to react in contact with the analyte,
sufficiently high speed of response, high capacity of selec-
tion of the species, high chemical stability over time and
reversibility of the reactions, good mechanical properties of
resistance to stresses, and capacity for generating signals of
high intensity in the presence of gases or else detectable
signals in the presence of small amounts of analytes.

Recently, the development of nanotechnologies applied to
sensor systems has opened up new horizons, in particular via
the introduction of organic materials deriving from graphite
(such as, for example, fullerenes, carbon nanotubes, gra-
phene). Sensor technologies that use thin films, for example
made of graphene, have proven particularly effective for this
purpose. See, for example, Deepak K. Pandey, Gyan
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Prakash, and Suprem R. Das, “Graphene Based Sensor
Development”™—Apr. 28, 2009, which is incorporated herein
by reference in its entirety.

The electronic and mechanical properties of graphene are
interesting for meeting the previous characteristics and
implementing mechanisms of transduction that are particu-
larly effective. The high chemical stability of the 2D lattice,
the possibility of functionalizing the surface, the high mobil-
ity of the charge carriers (i.e., rapidity of response), the high
surface-to-volume ratio, the high conductivity, a reduced
defectiveness, and a considerable sensitivity to a wide range
of analytes are some of the characteristics that render
graphene a material of great interest for providing chemical
and physical sensors.

Amongst the types of sensors based upon graphene, an
interesting role is played by electrochemical sensors (in
particular potentiometric, voltamperometric, conductomet-
ric sensors). For example, pH sensors exploit graphene as
active channel of a FET, the gate terminal of which is
controlled by an electrolytic solution, which plays the role of
gate dielectric.

The ions present in the electrolyte cause a transfer of
charge at the interface with the graphene that is reflected in
a variation of the gate potential, thus modulating the passage
of current in the transistor device.

Manufacture of a sensor in which the active layer is made
of graphene presents considerably difficult aspects on
account of the complexity of the process of synthesis and/or
insulation of graphene, up to integration of the graphene
layer in the architecture of the sensor.

Such a sensor can be used, for example, for the detection
of molecules (analytes) in solution, and to determine the
concentration of the molecules in a known volume of fluid.
In this case, manufacture of the sensor integrated in a
microfiuidic system includes production of the sensing
device, production of the microfluidic system, and bonding
of the parts.

Typically, a microfiuidic system is provided through the
technique of soft lithography, which enables micro/nano-
structured surfaces to be obtained with the use of elasto-
meric materials. This technique is very widespread and
includes the production of a reference mold (master) struc-
tured in a way complementary to the fluidic structure that it
is desired to obtain (replica) by transfer. The term “soft”
regards the use of an elastomer that adapts to the mold
replicating the structure thereof. Notwithstanding the great
variety of materials available for said applications, the most
widely used is PDMS (polydimethylsiloxane) thanks to its
particular properties of transparency, biocompatibility, resis-
tance to chemical attacks and to oxidation processes, high
dielectric constant, good adhesion on smooth surfaces, high
mechanical strength.

Even though it is the technique most widely used, pro-
duction of the microfluidic system using PDMS typically
employs a process flow that is rather long and articulated
since it first creates the master (lithographically or electro-
mechanically) and then creates the replica by laying the
elastomeric pre-polymer on the master and induces cross-
linking thereof by means of thermal treatment that activates
the crosslinking agent mixed to the pre-polymer; and finally,
separates the replica from the master, taking care not to
deform or damage the microfluidic channels. The PDMS
mold thus obtained is bonded to a glass made of boron
silicate that functions as support and is set on top of the
electronic device by means of a technique that includes
activation of the surfaces to be bonded by means of an
oxygen plasma to favor adhesion thereof, alignment of the
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two parts, and final pressing. Activation of the surfaces with
the oxygen plasma generally renders bonding between the
fluidic system and the electronic device irreversible.

BRIEF SUMMARY

According to one embodiment, a manufacturing method
of a graphene-based electrochemical sensor and an electro-
chemical sensor are provided that are free from drawbacks
of the known art.

One embodiment of the present disclosure is a manufac-
turing method of a graphene electrochemical sensor that
includes providing a metal layer on a donor substrate;
forming a graphene layer on the metal layer; forming a
structural layer on the graphene layer; separating an inter-
mediate structure that includes the structural layer and the
graphene layer from the donor substrate by removing the
metal layer; providing a final substrate including a first
electrode and a second electrode extending on a first side of
the final substrate; laminating the intermediate structure on
the first side of the final substrate with the graphene layer in
electrical contact with the first and second electrodes; and
forming a fluidic path on the graphene layer by removing
selective portions of the structural layer until the graphene
layer is reached.

One embodiment of the present disclosure is an electro-
chemical sensor that includes a substrate having a first side;
a first electrode and a second electrode extending over the
first side of the substrate; a graphene layer extending over
the first side of the substrate, in electrical contact with the
first and second electrodes; a structural layer of dry resist,
extending on the graphene layer; and a fluidic path extend-
ing through a thickness of the structural layer and on said
graphene layer.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The disclosed embodiments are described, purely by way
of non-limiting example, with reference to the attached
drawings, wherein:

FIGS. 1a-1/ show steps for manufacturing an electro-
chemical sensor according to an embodiment;

FIG. 2 shows, in perspective view, an electrochemical
sensor at the end of the manufacturing steps of FIGS. 1a-1/;

FIG. 3 shows, in a top plan view, the electrochemical
sensor of FIG. 2;

FIG. 4a shows the electrochemical sensor of FIG. 2 in
lateral cross section along the line of section A-A of FIG. 3;

FIG. 4b shows the electrochemical sensor of FIG. 2 in
lateral cross section along the line of section B-B of FIG. 3;
and

FIG. 5 shows the electrochemical sensor of FIG. 4b
having a FET, according to one embodiment.

DETAILED DESCRIPTION

According to an embodiment, a manufacturing method of
a graphene-based electrochemical sensor is provided, inte-
grated in a microfluidic system provided with photosensitive
resist in laminar form (dry resist), of a negative and perma-
nent type.

According to an embodiment, a graphene layer, previ-
ously grown on a first substrate (in particular a metal
substrate) with known techniques, is covered by a film or
layer of dry resist. This layer of dry resist functions both as
mechanical support for a subsequent step of transfer of the
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graphene onto a second substrate and as photosensitive layer
used for the lithographic definition of micromachined fluidic
channels.

Then, the first substrate is removed with wet chemical
etching (in a way in itself known), and the layer of dry resist,
together with the graphene layer, is transferred via a lami-
nation process onto a second rigid or flexible substrate, of a
generic size and shape.

Finally, in a subsequent process step, the dry resist is
defined lithographically so as to form therein a microfluidic
system (channels, chambers or trays for collection of fluids,
in general the areas in which the solution to be analyzed is
intended to flow and/or stay). The film of dry resist hence
operates both as supporting layer for transfer of graphene,
and as photosensitive layer, which can be defined litho-
graphically, for the formation of the microfluidic structure.

According to one embodiment, graphene is grown on a
metal layer with the CVD technique (or some other tech-
nique of growth or formation of a graphene layer).

According to an embodiment, the second substrate, onto
which the graphene layer is transferred, is of a previously
machined type. Said second substrate comprises metal con-
tacts, and possibly dielectric contacts, which provide parts of
one or more electronic devices (for example FETs—field-
effect transistors) enabling creation of the electrochemical
sensor and operation of said electrochemical sensor for the
purpose of detecting a quantity that is to be measured (e.g.,
the pH of a solution). The electronic device formed on the
second substrate is completed with the integration of gra-
phene on the second substrate itself. In particular, the
graphene layer forms the conduction channel of the FET and
is the sensitive element (transducer) of the electrochemical
sensor thus obtained.

The supporting layer for transfer of the graphene layer
from the first substrate (substrate of growth or donor sub-
strate) to the second substrate (final substrate, the latter
being designed to carry both the microfiuidic system and the
detection electronics) is, as has been said, the dry resist.
Following upon the step of transfer of graphene onto the
final substrate, and upon lithographic definition of the
microfiuidic channels/chambers in the same dry resist as the
one used for transfer of the graphene, lamination of a further
layer of dry resist is carried out, which enables encapsula-
tion, where appropriate, of the microfluidic structures
defined previously. At the same time access to said channels/
chambers is created by opening lithographically the dry
resist on the inlet and outlet channels.

It is evident that on one and the same final substrate there
may be formed a plurality of electronic devices (even
different from one another), each of which is electrically
insulated from the others. This is rendered possible by the
fact that the graphene layer can be easily removed by means
of chemical etching in oxygen plasma. It is thus possible,
starting from a single graphene layer transferred onto the
final substrate, to form for example a plurality of FETs, each
of which having a graphene channel of its own electrically
insulated from the other FETs.

The dry resist in which the microfluidic system is defined
is rendered permanent and chemically stable by means of
thermal treatment (typically at temperatures comprised
between approximately 150° C. and approximately 200° C.).

With reference to FIGS. 1a-1/, an embodiment is now
described in detail.

In particular, the steps of a method for transfer of the
graphene from the substrate of growth onto the final sub-
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strate are shown, simultaneously with steps of formation of
microfiuidic channels/chambers integrated in the electro-
chemical sensor.

The disclosed embodiments can be implemented in prac-
tice with the techniques for manufacturing integrated cir-
cuits currently used in the sector. In describing various
embodiments, for brevity, many process steps that are not
necessary for an understanding of the embodiments are
omitted from the description.

Moreover, the figures show schematic views of the inte-
grated structure during the manufacturing steps, and not are
represented in scale, but instead are represented so as to
emphasize important characteristics of the process.

With reference to FIG. 14, a support is provided of generic
size, shape, and thickness, in particular a wafer 1, including
a donor substrate 100, for example a semiconductor or
insulating crystalline substrate, a semiconductor-device sub-
strate, an epitaxial layer, a flexible substrate, a metal film, or
an organic-device substrate, just to cite some examples.

The donor substrate 100 comprises a metal layer 102 such
as a nickel layer or a copper layer, formed on the donor
substrate 100 with known techniques (for example, tech-
niques of evaporation or chemical vapor deposition).

On the metal layer 102 a graphene layer 105 is grown via
a technique of chemical vapor deposition (CVD), according
to the known art.

However, other techniques of formation of the graphene
layer 105 on a donor substrate 100 are possible.

Next, laminated on the graphene layer 105 is a structural
layer 106, in particular a film of dry resist. The structural
layer 106 has a thickness comprised between some microm-
eters (for example, 10 um) and hundreds of micrometers (for
example, 200 um).

The dry resist is a photosensitive, negative, and perma-
nent, material, for example comprising 25-35% of acrylic
ester, 65-75% of acrylic polymer, and 1-10% of cross-
linking agents. It is evident that other types of photosensitive
and permanent dry resist can be used.

With reference to FIG. 15, laminated on top of the film of
dry resist 106 is a thermal-release adhesive tape 101. In
particular, this step of lamination of the adhesive tape is
carried out at room temperature.

Then (FIG. 1¢), the metal layer 102 is chemically etched
in liquid solution (wet etching), for example by setting the
wafer 1 in a 1-M bath of iron (III) chloride (FeCl,) in water,
according to known techniques. This step enables uncou-
pling of the donor substrate 100 from an intermediate
structure 110 comprising the adhesive tape 101, the film of
dry resist 106, and the graphene layer 105.

Then (FIG. 1d), a final substrate 104 is provided having
a top surface 104a and a bottom surface 1045, opposite to
one another. The final substrate 104 is a semiconductor or
insulating crystalline substrate, a flexible substrate, for
example made of plastic, or some other substrate still.

According to one embodiment, the final substrate 104 is
of a previously machined type, and in particular comprises
a plurality of electrodes 130, 131, for example in the form
of pads of conductive material (for example metal such as
gold), extending over the top surface 104a of the final
substrate 104. The electrodes 130, 131 are formed in pairs,
where each pair of electrodes 130 131, provides, according
to one embodiment, source and drain terminals of a respec-
tive field-effect transistor.

In order to connect together the two electrodes 130, 131,
the graphene layer 105 is laminated on the top surface 104a
of the final substrate 104, in direct electrical contact with the
electrodes 130, 131.
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In particular, laminated on the top surface 104a of the
final substrate 104 is the intermediate structure 110 includ-
ing the tape 101, the film of dry resist 106, and the graphene
layer 105.

Then (FIG. 1e), the final substrate 104, carrying the
intermediate structure 110, is subject to thermal treatment on
hot plate or in oven at a temperature comprised between 80°
C. and 120° C. (preferably 100° C.) so as to promote
spontaneous release of the adhesive tape 101.

A structure 107 comprising the film of dry resist 106, the
graphene layer 105, and the final substrate 104 is thus
obtained.

According to one embodiment, the graphene layer trans-
ferred is a graphene monolayer. Moreover, the graphene
layer 105 transferred has a maximum dimension that
depends only upon the size of the original graphene sheet.

According to a further embodiment, the graphene layer
105 transferred is compact and free from polymeric con-
taminants.

Then (FIG. 1f), steps of lithographic definition and selec-
tive removal of the film of dry resist 106 are carried out to
obtain the channels, the chambers for containment of lig-
uids, and the inlet and outlet regions of the microfluidic
system.

The shape and extension of the microfluidic channels/
chambers can vary according to the desired application and
does not form the subject, in itself, of the disclosed embodi-
ments. By way of example, FIG. 1f shows a lithographic
mask 109 for a negative dry resist, where the shape of the
channels and of the chamber is defined, on the mask 109, by
means of an opaque area.

Following upon exposure of the film of dry resist 106 to
UV light (source 111), a step of wet chemical etching is
carried out to remove selective portions of the film of dry
resist 106 so as to form (FIG. 1g), a containment chamber
120, channels 121, 122, an inlet region 126, and an outlet
region 128 extending in depth in the film of dry resist 106,
throughout the thickness of the latter.

The containment chamber 120 is connected, by means of
the channels 121, 122, to the inlet region 126 and to the
outlet region 128, respectively.

During the steps represented in FIGS. 1f and 1g, it is
moreover possible to define lithographically a frame 127
that completely surrounds the channels 121, 122, the con-
tainment chamber 120, the inlet region 126 and outlet region
128, and the first and second electrodes 130, 131. The
etching step of FIG. 1g comprises selective removal of
portions of the film of dry resist 106 to form a trench that
provides the frame 127, and expose the underlying graphene
portion.

Since the step of FIG. 1g comprises selective removal of
portions of the film of dry photoresist 106 throughout the
thickness of the film of dry photoresist 106 itself, surface
portions of the graphene layer 105 extending underneath the
containment chamber 120, the channels 121, 122, and the
inlet region 126 and outlet region 128 are exposed.

It is evident that it is possible to form (in a way not shown)
a plurality of containment chambers 120 fluidically coupled
together by means of respective channels. According to a
different embodiment, the containment chambers 120 can be
fluidically isolated from one another, according to the need.
It is likewise possible for some containment chambers 120
to be fluidically connected together and other containment
chambers 120 to be fluidically isolated from one another.

It is moreover evident that it is possible to omit the outlet
region 128 in the case where the electrochemical sensor is of
a disposable type.
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According to an embodiment, in which the final substrate
104 has the first and second electrodes 130, 131 formed prior
to the step of FIG. 1d, the containment chamber 120 is
formed, when considered in top plan view, in a region
comprised between the first and second electrodes 130, 131.

With reference to FIG. 14, a cover layer (or cover sheet)
136 is formed on top of the film of dry resist 106. According
to one embodiment, the cover layer 136 is a layer of dry
resist similar to the film of dry resist 106 and is made, in
particular, of the same material. In this case, the cover layer
136 is formed by lamination. The thickness of the cover
layer 136 is, for example, comprised between some microm-
eters (for example, 10 um) and hundreds of micrometers (for
example, 200 um).

Next (FIGS. 17 and 1)), a step of lithographic definition
and wet chemical etching of the cover layer 136 is carried
out to form, through the cover layer 136, the access channels
133, 134 for fluidic access to the inlet region 126 and outlet
region 128. In this way, the inlet region 126 and outlet region
128 are fluidically accessible from outside the electrochemi-
cal sensor, for supply of an analyte in liquid solution to the
chamber 120, through the channel 121.

During the step of FIG. 1i it is moreover possible to define
(e.g., lithographically) a frame 138 aligned, along the axis Z,
to the frame 127, and completely surrounding the channels
121, 122, the containment chamber 120, the inlet region 126
and outlet region 128, and the first and second electrodes
130, 131.

The etching step of FIG. 1j further comprises removal of
the frame portion of dry resist 138 to expose the underlying
graphene portion.

Then (FIG. 1k), a step of oxygen-plasma chemical etching
is carried out to remove the graphene exposed in the step of
FIG. 1. In particular, the graphene is removed in an area
corresponding to the frame formed previously, thus electri-
cally insulating the sensor. During the same step, the
exposed graphene is removed via the access channels 133,
134 from the inlet region 126 and outlet region 128.

There is thus formed, during the step of FIG. 1% an
insulation frame 140, formed by the frames 127 and 138. In
the case where the wafer comprises a plurality of electro-
chemical sensors, the step of FIG. 1% enables electrical
insulation of said electrochemical sensors with respect to
one another.

The first and second electrodes 130, 131 are electrically
coupled together by means of the portion of graphene layer
extending inside the insulation frame 140, which forms, in
use and according to an embodiment, a conductive channel
of a FET.

With reference to FIG. 1/, a step of curing (typically at
temperatures ranging from approximately 150° C. to
approximately 200° C.) is carried out as schematically
represented by arrows 149, to render the film of dry resist
106, permanent and structurally/chemically stable. During
this curing step, also the cover layer 136 is rendered per-
manent and structurally/chemically stable.

FIG. 2 shows, in perspective view, a schematic represen-
tation of an electrochemical sensor 200, in particular inte-
grated in a microfluidic system, at the end of the machining
steps according to FIGS. 1a-1/

FIG. 3 shows a top plan view of the electrochemical
sensor 200 at the end of the steps of machining according to
FIGS. 1a-1l. FIG. 4a shows a cross-sectional view of the
sensor of FIG. 3, taken along the line of section A-A of FIG.
3. FIG. 4b shows a further cross-sectional view of the sensor
of FIG. 3, taken along the line of cross section B-B of FIG.
3.
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With joined reference to FIGS. 2, 3, 4a and 45, the
electrochemical sensor 200 comprises, in particular, the
substrate 104 carrying the first and second electrodes 130,
131, and a channel region 115, made of graphene (obtained
following upon the steps of machining of the graphene layer
105 described previously), which extends over the top
surface 104a of the substrate 104 and over the first and
second electrodes 130, 131.

The channel region 115 extends, in particular, on the top
surface 104a of the substrate 104 in the region of the latter
comprised between the electrodes 130, 131. As a conse-
quence of the manufacturing steps previously described, the
graphene layer that forms the channel region 115 extends
also outside the region comprised between the electrodes
130, 131, in particular over the entire top surface 104a of the
substrate 104, except for the areas corresponding to the inlet
region 126 and outlet region 128 and the frame-insulation
region 140 that surrounds the electrochemical sensor 200.

Extending above the substrate 104 and the channel region
115 is the film of dry resist 106, in which the containment
chamber 120 is formed, which, in turn, extends above the
channel region 115. In particular the containment chamber
120 is aligned, along the axis Z, to the channel region 115.
Moreover formed in the film of dry resist 106 are the
channels 121, 122, which connect, respectively, the inlet
region 126 and the outlet region 128 to the containment
chamber 120.

Extending over the film of dry resist 106 is the cover layer
136, designed to seal the containment chamber 120 and the
channels 121 and 122 at the top. The inlet region 126 and
outlet region 128 are rendered fluidically accessible from
outside the electrochemical sensor 200 by means of the
access channels 133, 134, which extend right through the
cover layer 136 until the inlet region 126 and outlet region
128 are, respectively, reached.

FIG. 5 shows a measurement system 250 including the
electrochemical sensor 200 of FIGS. 2, 3, 4a, 454.

In use, an electrolytic solution is introduced, for example
by means of a micropipette, into the inlet region 126 via the
access channel 133. The electrolytic solution then flows
towards the containment chamber 120. As a result of the
electrical interaction of the electrolytic solution with the
graphene channel region 115, information is obtained on the
analyte present in the containment chamber 120.

For example, using the electrochemical sensor 200 as pH
sensor, the channel region 115 is used as active channel of
a FET, where the source terminal S is, for example, the
electrode 130, the drain terminal D is the electrode 131, and
the gate terminal G is controlled through the electrolytic
solution itself. For this purpose, a gate electrode 252 is
provided set in contact with the electrolytic solution.

The gate electrode 252 is introduced into the containment
tray 120 for example through an opening formed through the
cover layer 136. Alternatively, the cover layer 136 can be
omitted so that the containment chamber 120 is easily
accessible from outside.

The gate potential is affected by the transfer of charge at
the graphene/electrolytic solution interface on account of the
ions present in the electrolytic solution, thus modulating the
passage of current between the two source S and drain D
electrodes of the transistor. The analytical information is
consequently obtained from the electrical signal resulting
from the interaction of the analyte with the graphene layer
105.

From an examination of the characteristics of the dis-
closed embodiments, the advantages that they afford are
evident.
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The use of a resist in laminar form simultaneously enables
transfer of the graphene and lithographic definition of the
microfiuidic system. The process flow does not require
application of any bonding technique, which might prove
harmful for the integrity of the graphene. The procedure can
be scaled over an extensive area or roll-to-roll. The method
and instrumentation used enable transfer onto substrates of
any type, size and shape. The absence of a strong mechanical
action enables extension of the method to substrates that are
brittle, thin, or flexible. The process can be industrialized,
since it presupposes the use of equipment commonly used in
the semiconductor industry. The use of a single material (dry
resist) as transfer layer and as layer that can be defined
lithographically preserves the graphene from mechanical
stresses. The flexibility of the dry resist and its capacity for
adhering to substrates of various types enables application of
the method, according to various embodiments, to plastic
substrates for providing flexible devices.

Finally, the use of dry bio-compatible resists enables
application of the disclosed methods to the production of
devices that can be used in the bio-medical field, for
biological analyses.

Finally, it is clear that modifications and variations may be
made to what has been described and illustrated herein,
without thereby departing from the sphere of protection of
the present disclosure.

The various embodiments described above can be com-
bined to provide further embodiments. These and other
changes can be made to the embodiments in light of the
above-detailed description. In general, in the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the speci-
fication and the claims, but should be construed to include
all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

The invention claimed is:

1. A manufacturing method of an electrochemical sensor,
comprising:

providing a metal layer on a first substrate;

forming a graphene layer on the metal layer;

forming a structural layer on the graphene layer;

separating an intermediate structure from the first sub-

strate by removing the metal layer, the intermediate
structure including the structural layer and the graphene
layer;

laminating the intermediate structure to a first side of a

second substrate, wherein the first side of the second
substrate includes first and second electrodes and lami-
nating the intermediate structure includes laminating
the intermediate structure with the graphene layer in
electrical contact with the first and second electrodes;
and

forming a fluidic path on the graphene layer by removing

selective portions of the structural layer until the gra-
phene layer is reached.

2. The method according to claim 1 wherein forming the
structural layer comprises providing a film of dry resist
directly on the graphene layer.

3. The method according to claim 2 wherein providing the
film of dry resist comprises laminating said film of dry resist
on the graphene layer.

4. The manufacturing method according to claim 1, fur-
ther comprising:

laminating a tape on said structural layer; and

after laminating the intermediate structure, thermally

releasing said tape.
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5. The manufacturing method according to claim 1
wherein the forming the graphene layer comprises growing
said graphene layer on said metal layer.

6. The method according to claim 1 wherein forming the
fluidic path comprises:

forming, in the structural layer, a well on top of, and

aligned with, said graphene layer extending through a
thickness of the structural layer, the graphene layer
forming a bottom wall of said well;

forming, in the structural layer, an inlet region; and

forming, in the structural layer, a supply channel fluidi-

cally coupled to the inlet region and to the well.

7. The method according to claim 6 wherein:

laminating said intermediate structure comprises laminat-

ing the graphene layer in such a way that the graphene
layer extends between the first and second electrodes;
and

forming the well comprises forming said well directly

facing the graphene layer between the first and second
electrodes.

8. The method according to claim 1, further comprising
sealing a top of said fluidic path by forming a cover layer on
top of the fluidic path.

9. The method according to claim 8 wherein the cover
layer is made of dry resist.

10. The method according to claim 8, further comprising:

forming an outlet region through the cover layer and the

structural layer; and

connecting said outlet region fluidically with the chamber.

11. The method according to claim 1, further comprising:

forming an insulating frame surrounding the first and

second electrodes and the fluidic path by removing
selective portions of said structural layer and of said
graphene layer.

12. A method, comprising:

forming a graphene layer on a metal layer positioned on

a first substrate;

laminating a layer of dry resist to the first substrate over

the graphene layer;

separating the graphene and dry resist layers from the first

substrate by removing the metal layer from between the
first substrate and the graphene layer; and

laminating the graphene and dry resist layers onto a

second substrate.
13. The method of claim 12, comprising:
laminating a layer of adhesive tape onto the layer of dry
resist before performing the separating; and

removing the adhesive tape from the layer of dry resist
after performing the laminating the graphene and dry
resist layers onto the second substrate.

14. The method of claim 12, comprising:

after performing the laminating the graphene and dry

resist layers, forming a microfiuidic structure on the
graphene layer by patterning the layer of dry resist;
after performing the patterning, laminating an additional
layer of dry resist over the layer of dry resist; and
curing the layer of dry resist and the additional layer of
dry resist.
15. A method, comprising:
forming a graphene layer on a metal layer positioned on
a first substrate;

forming a structural layer on the graphene layer;

removing the metal layer to separate the graphene and

structural layers from the first substrate;

laminating the graphene and structural layers to a first side

of a second substrate, the second substrate including
first and second electrodes on the first side, wherein
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laminating places the first and second electrodes are in
electrical contact with the graphene layer; and

forming a fluidic path on the graphene layer, the fluidic

path extending through the structural layer.

16. The method of claim 15, comprising: 5

providing a layer of adhesive tape on the layer of dry

resist before performing the removing; and

removing the adhesive tape from the layer of dry resist

after performing the laminating the graphene and dry
resist layers onto the second substrate. 10
17. The method of claim 15, comprising:
after performing the laminating the graphene and dry
resist layers, patterning the layer of dry resist to form
a microfluidic structure on the graphene layer;
after performing the patterning, laminating an additional 15
layer of dry resist over the layer of dry resist; and
curing the layer of dry resist and the additional layer of
dry resist.

18. The method according to claim 17, comprising:

forming, in the additional layer of dry resist, an inlet 20

region that is fluidically coupled with the fluidic path.

19. The method according to claim 1, further comprising:

forming an insulating frame surrounding the first and

second electrodes and the fluidic path by removing
selective portions of said structural layer and of said 25
graphene layer.

20. The method according to claim 19 wherein the form-
ing the fluidic path on the graphene layer includes forming
the fluidic path entirely between the first and second elec-
trodes. 30



